Introduction
Most in-vivo clinical studies have confirmed the safety of pure, uncontaminated oats in moderate amounts for persons with coeliac disease [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] even though some studies support that oats could be potentially harmful [12] [13] [14] . In this way, the Codex Alimentarius still considers oats as coeliac toxic.
Evidence of gluten contamination in oats-based foods, such as rolled oats, was reported long ago [15] . Since the recent availability of the Sandwich R5 ELISA, which quantifies prolamins from wheat (gliadins), barley (hordeins) and rye (secalins), a large number of studies confirming gluten contamination in most commercial oats [16] [17] [18] have been reported. R5 antibody, which recognizes hordeins, formerly undetectable by the conventional barley-insensitive o-ELISA [19] , is becoming the most accepted method of measuring contamination of gluten in commercial oats-based foods [16] [17] [18] , as well as starch-based foods [20] and pure, uncontaminated oats [10, 11] for clinical and follow-up studies. Sandwich R5 ELISA represents an important tool in gluten analysis, in particular to control gluten in oats highly contaminated with barley, in countries where oats have been permitted for persons with coeliac disease and where oats-based foods are still being analyzed with the former barleyinsensitive o-ELISA.
The Sandwich R5 ELISA was validated in a collaborative trial conducted by the Prolamin Working Group [21] and has been recently endorsed as a type I method at the 27th session of the Codex Committee on Methods of Analysis and Sampling [22] . In addition, the US Food and Drug Administration in its proposed ruling on the gluten-free labelling of foods is tentatively considering using Sandwich R5 ELISA [23] . Recently, however, it has been described that Sandwich R5 ELISA overestimates hordeins in barley-contaminated oats, unless a hordein standard is used [24] .
The aims of this study are to quantify by Sandwich R5 ELISA (using either gliadins or hordeins as standards) the amount of wheat gluten and barley hordeins in a large number of oat foods from Europe, the United States and Canada, to determine if the R5 antibody overestimates barley contamination, and to confirm the type of cereal contaminant by using complementary techniques such as western blot, quantitative real-time PCR (Q-PCR) and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry.
Methods

Reagents
Acetonitrile and trifluoroacetic acid were purchased from Merck (Darmstadt, Germany); ethanol came from Scharlau (Barcelona, Spain); sinapinic acid (trans-3,5-dimethoxy-4-hydroxycinnamic) and octyl-b-D-glucopyranoside from Fluka (Buchs, Switzerland) and acetic acid glacial from Panreac Química S.A. (Barcelona, Spain). Ultrapure water from a Milli-Q purification system (Millipore, Bedford, USA) was used in the preparation of all solutions. 
Oat sample preparation
About 50 g of dried oat food sample were milled in a coffee mill for around 20-30 min to obtain a fine homogenized powder.
Aqueous ethanol and cocktail extraction
Milled, dried oat sample (0.25 g) was weighed, transferred to a propylene tube and then extracted with 10 ml of 60% aqueous ethanol or cocktail solution (based on reducing and disaggregating reagents in phosphatebuffered saline as previously described [25] ).
Preparation of the hordein standard
Flours (1 g) from four barley cultivars (Tabaiba, Clarine, Icare and Cameo) was incubated with 40 ml of 0.5 mol/l NaCl. The soluble albumins and globulins were first removed by centrifugation and the insoluble hordein fraction was extracted with the cocktail solution. The protein contents of these extracts were 7.9, 7.4, 7.1 and 5.7%, respectively, as determined by an assay based on the Lowry method [26] using gliadins as the standard. The hordein standard was prepared by mixing the same volume of the four hordein extracts, previously adjusted to 0.5 mg/ml.
Maize flours spiked with barley
Samples contaminated with a known amount of barley were prepared by mixing 10 mg of barley flours (cultivars Tabaiba, Clarine, Icare and Cameo) with 5.0 g of an uncontaminated maize flour. The estimated hordein contents of these samples were 158, 147, 141 and 114 ppm, respectively (taking into account the hordein contents of the barley flours, as determined by the Lowry method).
Sandwich R5 ELISA
We used a homemade Sandwich R5 ELISA based on the unique monoclonal antibody R5 [16, 21] . This was used both as a coating antibody and conjugated to horseradish peroxidase for the analysis of prolamins in oat food samples, with a gliadin quantification limit of 1.5 ppm. In this study, we have used the Working Group on Prolamin Analysis and Toxicity (PWG) gliadins [27] as well as a pool of hordeins as standards.
Western blot
After one-dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis, proteins were electrotransferred onto polyvinylidene difluoride membranes, incubated directly with R5-HRP and developed by enhanced chemiluminescence immunodetection (Amersham Pharmacia, Buckinghamshire, UK) as previously described [16] .
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry To 10 ml of the avenin aqueous ethanol extracts were added 8 ml of the calibrate solution [2 ml of a-sarcin (2 mg/ml) in 50 ml of bovine serum albumin (100 pmol/ml)] and 25 ml of saturated sinapinic acid [3,5-dimethoxy-4-hydroxycinnamic acid] in 30% (v/v) aqueous acetonitrile containing 0.1% (v/v) trifluoroacetic acid used as a matrix solution. A 1.5 ml volume of sample-matrix mixture was placed onto a 100 sample stainless steel plate and allowed to dry at room temperature for 5 min. Samples were measured on a PE Biosystems (Foster City, California, USA) MALDI-TOF Voyager DE-PRO in standard configuration. Mass spectra were recorded in the linear positive mode at 25-kV acceleration voltage and a grid voltage of 93%, 0.25% of guide wire and 700 ns of delay time by accumulating 100 spectra of single laser shots under threshold irradiance [28] . Only highly intense, well-resolved mass signals arising from 3-5 selected target spots were considered. The equipment was internally calibrated using the single charged signal of a-sarcin and doubly charged signal from bovine serum albumin with molecular masses of 16 928 and 33 216 Da, respectively.
DNA extractions
DNA from oat foods was extracted by a modified sodium dodecyl sulphate/proteinase K/guanidinium hydrochloride method as described [29] .
Quantitative real-time PCR Q-PCR systems for either individual or simultaneous detection of wheat, barley and rye DNA, and the analysis of the amplification products by agarose gel electrophoresis, were used as described [29] [30] [31] .
Results
Analysis of maize flours spiked with barley by Sandwich R5 ELISA, using gliadins or hordeins as standards Table 1 shows the results of the analysis by Sandwich R5 ELISA (using the PWG gliadins or hordeins as standards) of maize flours spiked with four different barley varieties. The cocktail solution extracts the total hordeins. When these are estimated using hordeins as the standard, the expected and calculated results are nearly identical. When PWG gliadins are used as the standard, however, the calculated results appear to be overestimated by a factor of around 2.4.
Wheat gluten is composed of the monomeric a, b/g and o gliadins plus the polymeric high and low molecular weight glutenins fractions. The gliadin and glutenin fractions were traditionally considered to have a relative ratio of 1 : 1 [32] but this is controversial [33] . Although the cocktail solution extracts whole gluten proteins, glutenins are either slightly or not recognized by the R5 antibody, probably because the number of epitopes in glutenins necessary to react with the R5 antibody is very small as compared with gliadins [25] . Therefore, the gliadin values were multiplied by two, to calculate the gluten values.
Nevertheless, in the case of barley, the total monomeric (C and g) as well as the polymeric (B) hordeins are recognized by the R5 antibody. As these proteins constitute around 97% of barley gluten [34] , the values obtained by the Sandwich R5 ELISA do not need to be multiplied by two and the overestimation factor would be actually around 1.2, which is near to the experimental error of the ELISA technique.
These results demonstrate that there are no differences in the measurement of total hordeins in samples contaminated with barley, extracted with cocktail solution and analyzed by the Sandwich R5 ELISA, using either gliadins or hordeins as standards.
Analysis by Sandwich R5 ELISA of uncontaminated oat grains from different varieties
The analyses of the 25 pure oats of known varieties by the Sandwich R5 ELISA (using the PWG gliadins as standard) confirm the fact that they have undetectable levels of wheat, barley and rye prolamins, below the quantification limit of the technique ( < 1.5 ppm).
Analysis of grains and commercial oat foods by Sandwich R5 ELISA Table 2 show the analyses of 109 commercial oat foods, extracted with cocktail solution and analyzed by Sandwich R5 ELISA, using either gliadins or hordeins as standards, and exhibiting a massive contamination of either gluten or total hordeins. Taking into account that the ELISA technique cannot discriminate the type of cereal contaminant, it is impossible to know before testing if the oat samples are contaminated with wheat, barley, rye or mixtures of these cereals.
To solve this problem, most oat samples were analyzed by different Q-PCR systems, specific for wheat, barley and rye DNA. The results indicated that most oat samples were contaminated with barley, either alone or mixed with wheat in different percentages. Only a few samples contained mixtures of wheat, barley and rye. These results demonstrate the necessity of using alternative techniques, such as Q-PCR, to resolve these situations.
In accordance with the results obtained by the Sandwich R5 ELISA, using the PWG gliadin standard, 25% of oats showed levels of gluten < 3 ppm, whereas 4% showed levels between 3 and 20 ppm, 12% between 20 and 200 ppm and 59% exceeded the proposed Codex level of 200 ppm [35] (Table 2) . On the other hand, using the hordein standard, the percentages were as follows: 27% showed levels of hordeins < 1.5 ppm, whereas 6% showed levels between 1.5 and 20 ppm, 26% between 20 and 200 ppm and 41% exceeded the proposed Codex level of 200 ppm [35] (Table 2) .
It is interesting to mention that in some oat grains, the cereal contamination seems to be located in powder form on the surface of the grains, as such contamination can be removed simply by washing the grains with 60% ) showed undetectable levels of contamination (Table 2) . 548
Identification of avenin varieties in oat samples by mass spectrometry
To identify the type of oat varieties, all oat samples were analyzed by MALDI-TOF mass spectrometry [36] . The 25 oat uncontaminated grains of known varieties displayed different avenin mass profiles, ranging from 20 to 30 kDa. The mass spectra of the 109 commercial oat foods also displayed the typical avenin profile, in the range between 20 and 30 kDa (data not shown).
A total of 37 different avenin mass signals were unequivocally identified, and we have tentatively called these varieties V 1 to V 37 . Figure 1 shows the mass profiles of the varieties V 1 , V 12 , V 16 and V 19 .
The avenin mass spectrum of the pure oat variety AC1 was identical to the spectra of oat foods from the V 2 group, Orblanche to V 5 , Cannele to V 7 , Prevision to V 8 , Cobeña to V 9 , Kazmina to V 11 , Fuwi to V 14 (Fig. 2) . Similarly, no immunoreactive bands were detected in the avenin region, from 20 to 30 kDa, either in the pure, uncontaminated oat grains (Fig. 3 ) or in the commercial oat food samples with undetectable levels of gluten (Fig. 2) . Thus, crossreactivity of the R5 antibody with the oat avenins can be ruled out.
It is interesting that in oat samples based on the same variety, as in V 1 , V 2 , V 4 , V 5 , V 12 , V 14 , V 16 and V 19 (Fig. 2) , the immunoreactive band patterns in the gliadin, hordein and secalin region are very different, indicating that these oat products must be contaminated with either a single type of grain or mixtures of wheat, barley and rye. Only oat foods in the V 13 showed identical immunoreactive bands, as they came from batches of the same oat flour (Fig. 2) .
Western blot demonstrated the presence and absence of immunoreactive bands before and after washing the grains of samples 45 and 57 with 60% aqueous ethanol (Fig. 2) .
Analysis of oat samples by quantitative real-time PCR
To confirm the cereal type contaminant, some of the oat food samples were analyzed by Q-PCR, for individual or simultaneous quantification of wheat, barley and rye DNA. Quantitative data of the analyses with the three individual Q-PCR systems, for detecting independently wheat, barley and rye DNA, demonstrated that barley was the main contaminant in most of the oat food samples, whereas wheat and rye were also present in lower amounts (Table 2) .
Furthermore, the analysis by agarose gels of the DNA amplification products from the individual or simultaneous Q-PCR systems indicated that 36 of the 50 selected oat food samples were contaminated with either wheat, barley, rye or mixtures of these cereals (Fig. 4) , whereas in 14 oat food samples and 12 oat grains of known varieties no DNA from these cereals was detected (Fig. 4 , bottom right). 
Hordeins Secalins
Western blots developed with R5 monoclonal antibody of 82 selected grains and commercial oat samples, comprising 25 varieties. The locations of gliadin, hordein and secalin immunoreactive bands in these oat samples are indicated in boxes. Numbers correspond to oat samples from Table 2 . *The immunoreactive bands of wheat gliadins from Jabato, barley hordeins from Volga and rye secalins from Petkus are displayed.
w Washed with 60% aqueous ethanol. In addition, the different mobility of the wheat, barley and rye DNA amplification products, obtained from the three individual Q-PCR systems, enabled us to identify the specific cereal contaminant (wheat, barley or rye) in the selected samples. Accordingly, sample 66 is contaminated only with barley (Fig. 4) ; samples 10, 38, 69, 70, 98, 100 and 106 are contaminated with a mixture of wheat and barley (Fig. 4) and samples 13, 39 , 42, 88 and 89 are contaminated with mixtures of wheat, barley and rye (Fig. 4) . Similar analyses have been carried out using the Q-PCR technique with other contaminated oat samples not included in this study, confirming barley as the main contaminant in comparison with wheat or rye (data not shown).
Direct identification of barley in the oat sample 106 by Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry Figure 5 illustrates the presence of barley in oat sample 106. The aqueous ethanol extract from oat sample 106 was analyzed by MALDI-TOF mass spectrometry. Direct Agarose gels of wheat, barley and rye quantitative real-time PCR amplification products of 50 oat food samples and 12 pure oat grains of oat varieties. Numbers represent selected oat samples from Table 2 . MW: DNA molecular weight marker. Positive controls: 1 ng of standard DNA. NTC: no template control (only reaction buffer) as a negative control.
w Washed with 60% aqueous ethanol. 
Measurement of wheat and barley contamination in oats by
observation of the mass spectrum displayed both the typical avenin mass profile in the range from 20 to 30 kDa (Fig. 5 , top left) as well as hordein mass signals from 40 to 45 kDa (Fig. 5, top right) . In comparison, a hordein mass profile from an aqueous ethanol extract of a barley variety is also displayed (Fig. 5, bottom) .
Discussion
The results obtained in this study show that most of the 109 oat food samples from Europe, the United States and Canada are highly contaminated with wheat, barley, rye or mixtures of these cereals, some of them exceeding the proposed Codex level of 200 ppm of gluten.
The absence of gluten in the pure varieties is in agreement with the fact that avenins lack the QQPFP pentapeptide, which is the specific potential toxic epitope for the R5 monoclonal antibody [37, 38] .
Despite the fact that Sandwich R5 ELISA detects gliadins, hordeins and secalins in food samples, the technique itself cannot distinguish whether the contamination could be owing to wheat, barley, rye or a mixture of these cereals. The availability of complementary and confirmatory techniques, such as western blot, Q-PCR and MALDI-TOF mass spectrometry, has made it possible to identify the specific types of the toxic cereals of wheat, barley or rye in the contaminated oat samples and enabled us to confirm the Sandwich R5 ELISA data.
The presence in contaminated oat samples of immunoreactive bands exclusively in the gliadin, hordein and secalin regions, detected with the western blot technique, demonstrated that they are contaminated with wheat, barley, rye or mixtures of these cereals. On the other hand, the absence of immunoreactive bands in the avenin region in both contaminated and noncontaminated oat products rules out the cross-reactivity of R5 antibody with oat avenins. The western blot technique also showed that contaminated oat products from the same oat variety could contain distinct types of wheat, barley and rye prolamins.
The MALDI-TOF mass spectrometric technique has demonstrated its applicability in gluten analysis as a nonimmunological method, not only for the direct identification of gliadins, hordeins or secalins in foods [28] , but also for its potential in determining wheat varieties [39, 40] , which has been essential in the case of avenins, as demonstrated in this study.
Based on the characteristic avenin mass profile, the MALDI-TOF mass spectrometric technique has enabled the discrimination of 25 oat varieties among the 109 oat samples, as well as 25 pure, uncontaminated oat grains of known varieties.
The analysis of the DNA amplification products by agarose gels has confirmed that some contaminated oat samples could contain either only barley, or wheat and barley or mixtures of wheat, barley and rye, with barley being the main contaminant. False positives were not detected by the Q-PCR technique in uncontaminated oat foods.
These findings demonstrate the importance of using the complementary techniques of western blot, MALDI-TOF mass spectrometry and Q-PCR to corroborate the Sandwich R5 ELISA data.
In recent years, the barley-sensitive Sandwich R5 ELISA has been the technique used most, not only for clinical follow-up studies [10, 11, 20] but also in industry and research to analyze gluten in oat foods [16] [17] [18] . In fact, oat samples 48, 49 and 50 were used for a clinical study, after an earlier confirmation of undetectable levels of gluten by Sandwich R5 ELISA [12] . Oat samples in V 13 were, however, discarded for another clinical study because all of them were contaminated, supporting the importance of using a reliable technique such as Sandwich R5 ELISA for testing gluten in oat foods.
The cocktail solution was used in this study as the extraction procedure as many of the oat food samples analyzed, such as rolled oats, are partially heated. This extraction procedure guarantees the complete recovery of gluten, as has been previously demonstrated in rolled oats. It yielded 2-4-fold gluten as compared with extractions performed with conventional 60% aqueous ethanol [25] .
According to the Codex standard for gluten-free products, oats is still considered as coeliac toxic. Owing to recent clinical studies, however, most coeliac disease associations, scientists, dieticians and physicians agree with the fact that oats are not toxic for persons with coeliac disease and a consensus on whether oats belong to the glutenfree diet may be near. It may, however, take some time before gluten-free, oats-based foods are totally accepted and oats are removed from the list of toxic cereals. Oats are a good source of fibre and iron, and its incorporation in a gluten-free diet could result in an increase in fibre intake among persons with coeliac disease, with corresponding health benefits. In the light of our results, adequate control of possible gluten contamination in oat foods would be much more rational than excluding oats altogether from the gluten-free diet. It is interesting to note that some oat grains are contaminated with powder containing gluten, which can be removed by washing the oat grains with 60% aqueous ethanol. To avoid gluten contamination in oat products, efforts have to be made by the food industry to produce oats free of significant gluten contamination through carefully monitored growing, harvesting and processing procedures.
Measurement of wheat, barley and rye contaminations in oats can be problematic not only owing to the different extractability of the prolamin subunits with the cocktail extraction, but also when oat foods are contaminated with a mixture of these cereals.
Traditionally, gluten proteins have been divided into roughly equal fractions according to their solubility in alcohol-water solutions: the soluble gliadins and the insoluble glutenins. Nevertheless, recent studies have reported slight differences in the ratio between gliadins and glutenins, suggesting a factor around 65:35 [41] .
In this study, the 2.4-2.6 factor observed between gluten and total hordeins in the analyzed oat food samples (Table 2 ) is incorrect as the total hordein values do not need to be multiplied by two. The correct factor would be 1.2-1.3, which is close to the experimental error of the ELISA technique. Therefore, oats contaminated with wheat or barley can be reliably measured by Sandwich R5 ELISA, combined with the cocktail extraction and the PWG gliadins, avoiding the use of two different standards (PWG gliadins or hordeins).
In conclusion, this study has demonstrated the importance of using the Sandwich R5 ELISA for measurement of gluten in oat foods. The fact that pure uncontaminated oats have levels of gluten below 3 ppm support the in-vivo research indicating that oats could be safe for persons with coeliac disease. On the contrary, based on the massive contamination of gluten detected in most grains and commercial oat products, it has to be concluded that these samples could represent a health risk for the population with coeliac disease, in particular in countries where oat consumption by persons with coeliac disease is allowed and where the traditional barley-insensitive o-ELISA is still the official analytical method to detect gluten. This situation is different in most European countries, in the United States and Canada, where oats has not been endorsed for consumption by persons with coeliac disease.
Ideally, persons with coeliac disease should consume only those oat samples that have been tested and found to be free of gluten, thus confirming the importance of using the barley-sensitive Sandwich R5 ELISA when determining the gluten-free status of oats, because barley is the most prevalent cereal contaminant in this type of food samples.
To be regarded as gluten-free and safe for persons with coeliac disease, oats should be tested for gluten contamination not only with the Sandwich R5 ELISA, but also with the complementary techniques of western blot, Q-PCR and MALDI-TOF mass spectrometry.
